The experimental approach begins with a set of measured frequency response functions for the structure and extracts the mdal properties from the data without the need for making any assumptions about the distributed mass and stiffness of the structure. The modal prcperties are obtained by analytically curve fitting a number of frequency response functions and consist of frequency, damping, mode shape, and residue for each of the eigenmcdes. After analysis has been obtained, the modal properties and further computer runs can be performed to determine how the structure will respond to various types of input, and importantly, what the response will be if some of the modal properties are altered.
To undertake modal analysis on a structure the motion for a given force has tobe measured at a sufficient number of positions in order to describe adequately the dynamic behaviour of the structure. This data is usually obtained by measuring the frequency transfer function by applying an impulsive force at a single point, and measuring the motion by an accelerometer which is placed at an array known points on the structure. These points form a three-dimensional array at chosen sites which are the centres of selected elements of the structure. Using a dual-channel FET analyser, the transfer frequency response function can be obtained, and by suitable computer programmes the modal analysis can proceed to the modal properties and to an animation of the oscillatory behaviour of the structure which is a most important method of understanding how the structure vibrates. M e r programme details allow the testing of the computed modal model to other inputs and to modifications of the modal properties.
WEXIMENTAL PW3CEDURES FOR THE VOCAL TRACT The method of impulsive testing has been successfully applied to the vocal tract (Firth, forthcoming) and as a consequence mdal analysis of the tract has been made possible. In impulsive testing of the tract an impulse is applied to the outside of the throat above the larynx, and the response of the tract is measured with a microgbne placed at the lips or elsewhere. Here the analogy of the vocal tract to a mechanical structure becomes possible by considering the force applied at the single position on the tract (here measured by acceleration, see below) to give rise to motion in the tract as measured by SPL at different positions in the tract.
Experiments to measure the transfer frequency response of the vocal tract follow Fujimura & Lindqvist (1971) except that the excitation is impulsive. The subject composes his vocal tract to its vowel shape, closes his glottis and the impulse is applied by a small hammer to a metal plate attached to the outer surface of the throat above the larynx via ahousing attached to the plate which contains a miniature accelerometer (B&K 4374), Fig. 1 . A probe horn microphone (B&K 4170) is used to measure the pressure response of the tract at an array of points within the mouth cavity. The transfer frequency response of SPL at a point in the tract to the acceleration measured on the outer skin of the throat is obtained using a dual-channel real time analyser (B&K 2032), and the modal analysis proceeds after the data is collected fmm all the points using an attached computer (HP 300, 98 580A) and programme (B&K UT 90100) .
The probe microphone was placed at positions at each cm alangthe two long sides of a flat rectangle 2x11 cm which extended into the mouth from the lips. There are 24 positions, 12 to the right ard 12 to the left of the mouth cavity, Fig. 2 . The head of the subject was supported and at each position of the mic-ne, the transfer function was measured by applying eight impulses to the throat and making a linear average of the impulses. Each measurement took about five seconds to perform, ard after another ten, the next measurement can proceed the response having been recorded, microphone moved, ard the subject having composed himself and reassumed its vowel shape. The whole array of points can be covered in ten minutes. 
Fig. 2.
In this preliminary experiment the subject was the author and the vowel investigated was (bird). The glottis was closed during impulses, and measurements were carried out to 6 . 4 kHz. The frequency response of the acceleration impulse at the outer skin of the thruat had a smooth and nearly flat frequency responses (the first zero appearing at about 10 kHz). The coherence for the transfer frequency responses was always better than 0.8 except at sharp dips. Measurements were performed in an ordinary laboratory, although with the B&K 2032 and HP 300 at a little distance. This was possible because a transient weighting time window was imposed on the acceleration and an exponential weighted window on the microphone signal, so effectively excluding background noise from the measurement. Undoubtedly more consistent measurements could be made with a subject trained in voice production who would be able to compose and hold his mouth shape more perfectly for the duration of the experiment. Further improvements would appear if a more rapid sequence of the measurement was effected and single impulses used.
REsur,TS
This modal analysis of one subject for one vowel revealed eight formants below 6.4 kHz, as listed in Table I It is noted that on the right, the response is an all-pole function, whereas on the left two significant zeros have appeared. The introduction of these two zeros indicated that there has been a sign change between adjacent formants (phase shift by 180°) just by crossing the mouth opening (Christensen, 1984) . This can immediately be interpreted as the introduction of a dipole structure to the SPL response at the lips for this vowel for the 6th and higher formants whereas for lower formants the structure is monopole. This will be clearly demonstrated by looking at the shapes of the modal vibrations of the higher formants.
MODE SHAPES
The mode shapes of the first five formants of the vowel d(bird) are shown in Fig. 4 . These modes are those which show simple one-dimensional propagation along the m a 1 tract and they are very similar to standing waves in a closed organ pipe, shown diagrammatically in Fig. 5 . In Fig. 4 the lips are at the left front of the diagrams and the subject is facing to the left out of the diagram. The undisturbed rectangular shape of the measurement points is sbwn running fram the lips (at the left front) back into the cavity of the mouth (to the right back). The frequency transfer function (which is essentially pressure, and which will from hereon be called pressure to ease the description) is plotted along the z-direction, and the figure shows the extremes of the animated motion which is available on the computer screen. There are artifacts in many of the traces at the back of the mouth cavity (back right) due to the horn probe microphone having touched the wet soft wall of the cavity so producing a continuous zero at higher frequencies. This defect of the measurement would be corrected in further detailed studies where more time is available. 1st FORMANT. There is a pressure node across the lips and the variation of pressure increases smoothly towards the back of the mouth cavity. Radiation from the lips skrould be monopolar. 2nd FORMANT. The wave length has shortened and the horn microphane has been able t o probe further into the standing wave of t h i s formant but has not reached the second node. There w i l l be a mompole radiation pattern from the lips.
3rd FORMANT. ?'his is again a simple standing wave along the length of the vocal tract, and a second node is detected a t 6 cm f r o m the lips. The a r t i f a c t mentioned above i s prominent and should be discounted. Radiation w i l l be mompolar.
The pressure node across the lips is present again ( a t the open end of the t r a c t ) , and one further node has been detected a t 4.7 cm from the lips. Radiation is again mompolar. 5th FORMANf. The wave length of this formant is sufficiently sMrt mw for the microphone t o be able to reach two nodal lines across the mouth cavity a t 3.7 and 7.7 cm. The a r t i f a c t a t the back of the mouth cavity should not be counted. This is the highest mode for which radiation will be mompolar for this vowel.
A microphone can be placed at any position in front of the mouth to make the measurement of these lower modes without disturbing the allpole nature of their transfer functim.
From these approximate measurements of the position of the nodes for the different formants, the frequency is inversely proportional to wave length, and the velocity of sound in the mouth cavity can be calculated to be a low 304 m s ' l .
The modal shapes of higher formants are skwn in Fig. 6. 6th FORMAM' . Standing waves in two dimensions in the mouth cavity become apparent in this and higher formants. In this explorative experiment, the 6th formant is not unambigously resolved but clearly comprises areas on opposite sides of the mouth which oscillate in antiphase, together with a simultaneous standing wave along the mouth cavity. There are nodal lines across the width of the mouth, and a nodal line placed centrally from the lips back into the mouth cavity which are more clearly seen in the animated computer display. This formant should have a dipolar radiation pattern.
7th FORMANT.. Clear standing waves in two dimensions are displayed at this formant. There are nodal lines at the lips, at 6 cm fram the lips across the width of the cavity and one line centrally £roan the lips to the back of the cavity. By analogy with the vibration of a mechanical structure if the rectangular shape used for the array of microphone points was a metal strip, this mode would be described as a definite torsional mode (dramatically similar to the torsional mode of the Tacoma Narrow Bridge recorded at collapse in 1940). Radiation of sound from the lips at this formant will be dipolar.
8th FORMANT. wain a mode in two dimensions which, with shorter wave length, produces more nodes across the width of the part of the tract which is investigated. This mode is not fully resolved in this study and the point of measurement at the back right is again 'hung-up' on a false zero of pressure. Radiation shxld be dipolar.
The height of the mouth cavity is greater than its width in this vowel shape so that it is expected that the first multi-dimensional standing wave should be polarised in the vertical plane, but because the measurement array of points is a horizontal rectangle such vertical components are not clearly detected. It is suggested that the reason for not obtaining a clear Nctwe of the 6th and 8th formants may be because these modes contain significant vertical standing waves, to- .56 % VICW :<-3.5.2, 6 th 7 t h gether with the longitudinal and perhaps a horizontal component. A three-dimensional array of measuring points would give better resolution and show the true way in which these higher modes vibrate.
The multi-dimensional mode shapes for the 6th, 7th, and 8th formants will be detected differently for differing microphane positions as indicated in Fig. 3 . For instance, in the sixth formant a m i cplaced centrally close to the lips should (perfectly) not detect this formant. By moving the microphone in front of the lips, the phase of detection of the formants will change and false zeros in the transfer function may be introduced if there is cancellation between adjacent formants (Christensen, 1984) . In the work of Fujimura & Lindqvist (1971) Modal analysis applied to the vocal tract has considerable potential as a research tool for studying detailed properties of the fonnation of speech which have not been available to measurement before. It can supply details of the wave propagation in t3e vocal tract, and give the actual shapes of the modes of oscillation of the formants for many mouth configurations. It should be possible to extend measurements presented here to the nasal cavity, and with ease the directivity of sound propagation from the mouth, or nasal passages, or both can be studied. The following lists areas which could be studied by modal analysis in order to extend our knowledge of speech by providing details not presently available. Modal analysis should be useful also in the area of synthesis of speech.
1. The method can prwide modal properties and mdal shapes of formants of the vowels, at least to 6.4 kHz (here up to the 8th Formant). In open vowels the three-dimensional behaviour can be studied. Overlapping or closely spaced formants can be separated by using the so-called zoom facility of the B&K analyser (B&K 2032). Zoom is also available to increase the accuracy and detail when single formants are studied alone.
2. Modal shape measurements could be obtained simultaneously with mouth shape functions from X-ray measurements.
3. Modal shapes for any mouth configuration, even when the lips are closed, can also be measured with this technique using a probe horn microphone.
4. It should be possible to investigate the nasal cavities with flexible probe microphones so that a complete three-dimensional modal analysis of the mouth and nasal cavities could be undertaken. It would be highly interesting to study the parallelling effect of the two sections of the tract.
5.
Modal analysis can be used to investigate the exact nature of the singing formant.
6. From the modal properties and the modal shape data it is pogsible to undertake further computation to show in the Wee dimensions phase, local velocity, nodal and anti-nodal positions, contour plots of response, end correction at the lips, and radiation impedance and energy density in the tract.
7. Through modal analysis the response of the tract can be investigated by further computer runs to define how the structure will respond to various types of input, and what the response will be if certain modal properties are altered.
8. Directivity of sound from the mouth can be investigated using Illodal analysis by extending the measurement to an array of points in three dimensions external to the head. Efficiency of radiatim, directivity from the lips and the nose, and the effect of diffraction of the head can all be investigated. This study would be of great value to assessing the full effect of monopole radiation of the lower formants and the multi-pole radiation of higher.
9. Coupling of the mouth to some device, enclosure, oxygen mask, microphme, telephone, or diving helmet could be investigated using modal analysis. The causes of distortion of voice quality (ard its eventual correction) could be visualised by computer animation of altered mode shapes and radiation patterns of formants.
10. Application of this method to pathological cases of impairment of speech will give extended understarding of the properties of the vocal tract.
11. Modal analysis of the vocal tract with all the implications of extending our knowledge noted above will aid the synthesis of speech by computer. This new technique should provide details of the tract which have not been available before and will aid the search for high-fidelity synthesis of speech.
Investigations should use subjects trained in holding their m a 1 tract in a constant shape for a period of time. More versatile, exact and quicker measurements would be obtained by using a means of exciting the vocal tract above the larynx with pseudo random noise.
